Introduction
Ascidian embryos have served as an experimental system with which to explore the genetic circuitry required for cell specification and morphogenesis (Satoh, 1994) . The fertilized egg develops quickly into a tadpole larva, which consists of a small number of tissues including an epidermis, a dorsal central nervous system with two sensory organs (otolith and ocellus), endoderm, mesenchyme, notochord and muscle. The lineage of embryonic cells is completely described up to the early gastrula stage (Conklin, 1905; Nishida, 1987; Nicol and Meinertzhagen, 1988) . Developmental fate restriction occurs in early embryos. Reflecting the early fate restriction, the ascidian embryo shows a highly determinate mode of development. Muscle, epidermis and endoderm differen-* Corresponding author. Tel.: +81 75 7534095; fax: +81 75 7051113; e-mail: miya@ascidian.zool.kyoto-u.ac.jp. tiate autonomously depending on prelocalized egg cytoplasmic determinants (Nishida, 1992 (Nishida, , 1993 (Nishida, , 1994 . In addition, cell-cell interactions play crucial roles in the differentiation of specific cell-types, including the central nervous system and notochord (Nishida, 1991; Nakatani and Nishida, 1994) . However, little is known about the signaling molecules that mediate the cellular interaction.
The vertebrate body plan is established by a series of inductive cell interactions (Gurdon, 1987; Jesse11 and Melton, 1992) . Many peptide growth factors belonging to the transforming growth factor /? (TGF-/I) superfamily are involved in inductive events (Sive, 1993; Slack, 1993; Smith, 1993) . TGF-/I superfamily members are synthesized as large precursors from which the mature Cterminal part of about 110 amino acids is released to form active homo-or heterodimeric polypeptides of about 25 kDa (Massague et al., 1990; Kingsley, 1994a) . All the family members exhibit homologies at the level of the Cterminal polypeptide including the regular spacing of the last seven cysteines (Kingsley, 1994a) with the exception of GDF-3Ngr-2 (Jones et al., 1992a; McPherron and Lee, 1993) and GDP9 (McPherron and Lee, 1993) which lack one of these residues.
Depending on the grade of similarity, the TGF-b superfamily is subdivided into three major subfamilies, TGF-/l, activin and dpp-Vg-related (DVR). Members of the DVR group play significant roles in early embryogenesis (Lyons et al., 1991; Kingsley, 1994a) . The DVR group contains Drosophila decapentaplegic (dpp) gene product and 60A, and vertebrate Vg-1, bone morphogenic proteins (BMPs) and nodal (Lyons et al., 1991; Zhou et al., 1993; Kingsley, 1994a) . Among these, DPP is essential for establishing of the dorsoventral axis of Drosophila embryos and in patterning tbe midgut and imaginal disc (Gelbart, 1989; Ferguson and Anderson, 1992) . Vg-1 is a maternal messenger RNA localized in the vegetal hemisphere of the Xenopus egg and embryo (Melton, 1987) . If an appropriate processing site is introduced, Vg-1 induces mesoderm, followed by the secondary axis (Dale et al., 1993; Thomsen and Melton, 1993) . BMPs are further subdivided based on the similarity of amino acid sequences into two groups; one contains BMP-2 and BMP-4 and the other contains BMPs-5-8. Vertebrate BMP-2 and BMP4 are functional homologues of Drosophila DPP (Padgett et al., 1993) . BMP4 is implicated in ventral mesoderm induction and dorso-ventral pattern formation (Dale et al., 1992; Jones et al., 1992b; Graff et al., 1994; Maeno et al., 1994; Suzuki et al., 1994) . On the other hand, BMPs-5-8 resemble Drosophila 60A. BMP-5 is responsible for the mouse mutation short ear, in which specific skeletal defects are evident (Kingsley et al., 1992; Kingsley, 1994b) . BMP-7 expression has been characterized in the mouse (Lyons et al., 1995) , chick (Liem et al., 1995) and Xenopus (Hawley et al., 1995) . In situ hybridization has revealed the diverse distribution of BMP-7 transcripts in the embryos.
In this study we isolated and characterized a cDNA that encodes an ascidian homologue (HrBMPa) of vertebrate BMPs, which may be associated with accomplishing the ascidian larval body plan. Sequence analysis suggested that HrBMPa is a member of the 60A subclass. In situ hybridization revealed that the HrBMPa is expressed mainly in cells of the midline of the dorsal neuroectoderm and cells of the midline of both ventral and dorsal epidermis.
Results

Isolation and characterization of an ascidian homologue of vertebrate BMPs
To isolate ascidian homologues of vertebrate BMPs, we designed two degenerate oligonucleotide primers that correspond to conserved sequences within the C-terminal region of the vertebrate BMPs (cf. Fig. 2 ). Using these primers, we generated polymerase chain reaction (PCR) fragments from Halocynthia roretzi gonad cDNA and a cDNA library of B4.1 blastomeres of g-cell embryos. Sequence analysis revealed two PCR fragments with sequence similarity to vertebrate BMPs. One of them was designated as HrBMPa. The HrBMPa amino-acid sequence resembled that of BMPs-5-8, which belong to the 60A subclass of DVR proteins (Kingsley, 1994a) . Preliminary Northern blots showed that the band intensity of HrBMPa transcripts peaked at the early tailbud stage (see below). Therefore, using the HrBMPa PCR fragment as a probe, we screened an early tailbud cDNA library as well as an early gastrula cDNA library several times and obtained a cDNA clone that contained a single open reading frame.
The structure of the HrBMPa cDNA clone is shown in Fig. 1 . The insert of the clone consisted of 3278 nucleotides. A Northern blot showing a transcript of about 3.9 kb suggests that the clone contains all the coding sequences and is close to a full length. The clone contained a single open reading frame of 2049 nucleotides that encode a polypeptide of 683 amino acids. The calculated relative molecular mass (Mr) of the predicted polypeptide was 79 X 103. The protein contained a region of positively charged residues that may serve as a cleavage site for proteolytic processing (Fig. 1) . In addition, a region of 102 amino acids in the C-terminus included seven cysteine residues that are characteristic of the TGF-B superfamily ( Figs. 1 and 2 ). Fig. 2 shows a comparison of the amino acid sequences of the C-terminus of HrBMPa with those of TGF-#l superfamily members, starting with the first conserved cysteine residue. In this region, HrBMPa is most closely related to the 60A subclass gene products, including vertebrate BMP-5 (64% amino acid identity; Celeste et al., 1990 ) BMP-6 (64%; Lyons et al., 1989; Celeste et al., 1990) , BMP-7 (62%; Celeste et al., 1990; Gzkaynak et al., 1990) BMP-8 (60%; Gzkaynak et al., 1992) and Drosophila 60A (59% amino acid identity; Wharton et al., 1991) , although its similarity was not so high with the Drosophila screw (44% identity; Arora et al., 1994) . HrBMPa looked less related to DPP subclass gene products including Drosophila DPP (53% amino acid identity; Padgett et al., 1987) , vertebrate BMP-2 (54%; Wozney et al., 1988) and BMP4 (52%; Wozney et al., 1988) .
To determine the TGF-/? subclass to which HrBMPa belongs, we constructed a molecular phylogenetic tree. The tree shown in Fig. 3 was calculated by the neighborjoining method (Saitou and Nei, 1987) using the computer program PHYLIP version 3.5~ (Felsenstein, 1993) and human activin was used as the outgroup for rooting. The tree suggested that HrBMPa is a member of the 60A subclass (Kingsley, 1994a) . (Celeste et al., 1990) . mouse BMP-6 (Lyons et al., 1989; Celeste et al., 1990) . mouse BMP-7 (Celeste et al., 1990; Gzkaynak et al., 1990) . mouse BMP-8 (bzkaynak et al., 1990) . Drosophih 60A (d60A; Wharton et al., 1991) . Drosophila screw (Arora et al., 1994) , mouse BMP-2 (Wozney et al., 1988) . mouse BMP-4 (Wozney et al., 1988) . and Drosophila dpp (Padgett et al., 1987) . Seven cysteine residues conserved by all of the TGF-/3 superfamily members are enclosed by black boxes. For maximal similarity, gaps were introduced. Primer-designed regions used for amplification of HrBMP target fragments are shown.
words, HrBMPa showed no special relationship with any of BMPs-5-8.
Zygotic expression of HrBMPa during ascidian embryogenesis
Northern blots revealed HrBMPa transcripts of about 3.9 kb in embryos at the gastrula and later stages. As shown in Fig. 4 , hybridization signals were undetectable in unfertilized eggs and in 64-cell stage embryos. A weak hybridization signal was first detected in gastrulae and a distinct band was evident in early tailbud embryos. Although Northern hybridization signals for HrBMPa maternal transcripts were undetectable in unfertilized egg and early embryos, the fact that a PCR fragment for the HrBMPa gene was amplified from gonad cDNA and a cDNA library of early cleavage-stage embryos suggests the presence of HrBMPa maternal transcript. (Saitou and Nei, 1987) . In addition to those listed in Fig. 2 , Xenopus Vgl (Melton, 1987) zebratish Vgl (DVRl) (Helde and Grunwald, 1993) . mouse nodal (Zhou et al., 1993) , and human activin (Tanimoto et al., 1991) were included. The scale bar indicates an evolutionary distance of 0.2 amino-acid substitutions per position. The numbers at the node represent bootstrap value (56) for the grouping. The result suggests that HrBMPa is a member of the 60 A subclass (Kingsley, 1994a). detectable in embryos at early cleavage stages (data not shown). We first obtained a clear result at the 1 lo-cell stage, slightly before the onset of gastrulation. At this stage, the zygotic HrBMPa transcript was detected in cells of the anterior and vegetal region of the embryo (Fig. 5B) hemisphere began to show hybridization signals (Fig.  5C) . Meanwhile, signals became undetectable in the presumptive notochord cells and also disappeared from the central portion of the presumptive spinal cord (Fig. 5D) .
At the neural plate stage, hybridization signals were detected in cells of the anterior-dorsal region of the embryo, which give rise to the brain, and in epidermal cells of tbe ventral side of the embryo (Fig. 5E,F) . During neurulation, signals were evident in the presumptive brain cells. In addition, hybridization signals became evident in cells at the posterior-dorsal side of the embryo (Fig. 5G) . They are presumptive epidermal cells adjacent to the neural plate. The localization of the hybridization signals in epidermal cells was confirmed in sections of the embryo (Fig. 6A) . At the ventral side, the positive cells became restricted to the area around the ventral midline (Fig. 5H) . These cells are presumptive ventral epidermis located at the surface of the embryo,
The early tailbud embryo exhibited a characteristic signal distribution (Fig. 51-K) . When the embryo was viewed from the lateral (Fig. SK) and ventral sides (Fig.  5J ), signals were evident in epidermal cells of the anterior-most region, which give rise to palps or the adhesive organ of the larva. In addition, signals were found in epidermal cells along the midline of the entire ventral trunk region (Fig. 5J,K) . Signals of this region ended at the posterior region of the tail (Fig. 5J,K) . Hybridization signals were also evident in cells of the anterior part of the central nervous system in the dorsal trunk region of the embryo (Fig. 51,K) . In the tail region, positive cells at the dorsal side were epidermis flanking the spinal cord which is an ascidian counterpart for vertebrate caudal neural tube.
The cell-types exhibiting HrBMPa expression were identified in sections of embryos (Fig. 6B,C) . In the anterior head-trunk region of the embryo, hybridization signals were detected in ventral epidermis and in cells of the neural tube which had closed at the dorsal side (Fig. 6B) . In the tail region of the embryo, positive cells at the dorsal side were epidermal cells overlying the spinal cord, and ventral epidermal cells also showed hybridization signals (Fig. 6C) . In ascidian embryos, the nervous system of the tail region does not form a tubular structure.
Signals at both the ventral and dorsal sides in the tail region of embryos and in the brain, were degraded through mid-to late-tailbud stages (Fig. 5L) . Only weak signals remained at the surface of the anterior trunk region of larvae (data not shown).
Discussion
We isolated HrBMPa, an ascidian homologue of vertebrate BMPs-5-8. We found that the spatial expression of HrBMPa is characteristic, since the transcript was mainly detected in cells of the midlines of anterior neuroectoderm and ventral epidermis of early tailbud embryos.
HrBMPa is an ascidian homologue of vertebrate
BMPs belonging to the 60A subclass
Depending on the sequence similarity and possible functions, vertebrate BMPs are subdivided into at least two classes (Lyons et al., 1991; Kingsley 1994a) . One includes BMP-2 and BMP-4, which are closely related to the Drosophila dpp gene. The other is the 60A subclass members that resemble Drosophila 60A gene. There are at least four vertebrate members of the 60A subclass: BMPJ (Celeste et al., 1990 ), BMP-6 or Vgr-1 (Lyons et al., 1989; Celeste et al., 1990 ), BMP-7 or osteogenic protein 1 (OP-1) (Celeste et al., 1990; ozkaynak et al., 1990) , and BMP-8 or osteogenic protein 2 (OP-2) (ijzkaynak et al., 1992) . Sequence analysis showed that HrBMPa is more closely related to the 60A, than to the DPP subclass. This view was supported by the molecular phylogenetic analysis shown in Fig. 3 .
The phylogenetic tree also suggested that, during chordate evolution, an ancestral 60A diverged into HrBMPa and a vertebrate counterpart, then the latter duplicated and diversified into BMP-5, BMP-6, BMP-7 and BMP-8. Gene duplication is thought to be the major genetic change that permitted the evolution of vertebrates from invertebrates (Holland et al., 1994) . The same pattern of gene duplication and diversification during evolution to vertebrates has been shown, for example, in HOMCYHox cluster genes (Holland et al., 1994) and myogenic basic helix-loop-helix proteins (Buckingham, 1994) . Because HrBMPa is located at the root of the branching of the vertebrate BMPs-5-8, it is speculated that HrBMPa contains all of the components and functions of the vertebrate BMPs-5-8. In this study, we have identified only one gene for HrBMPa, suggesting that HrBMPa is a prototype of vertebrate BMPs-5-8. However, it is possible that the ascidian contains several members of 60A subclass.
The potential role of HrBMPa in ascidian development
Whole-mount in situ hybridization revealed the dynamic expression of HrBMPa, which was first detected in the presumptive notochord cells and presumptive spinal cord cells at the onset of gastrulation. As gastrulation starts, however, these regions cease to express HrBMPa. On the other hand, at this stage, all cells in the animal half of the embryo begin to express HrBMPa. This profile of HrBMPa expression resembles that of Xenopus BMP-7 (Hawley et al., 1995) . The expression of HrBMPa is detected in the presumptive ectodermal region throughout gastrulation.
In neurulae and tailbud embryos, HrBMPa is expressed in cells of the anterior part of the central nervous system and in cells of epidermis that cover the neural tube. This expression profile is also reminiscent of BMP-7 expression in Xenopus (Hawley et al., 1995) , chick (Liem et al., 1995) and mouse (Lyons et al., 1995) . In particular, chick BMP-7 signaling induces the expression of molecular markers of the dorsal region of the neural tube (Liem et al., 1995) . In the tail of ascidian tailbud embryos, the neural tube, called spinal cord (or nerve cord) consists of only glial cells (Satoh, 1994) . There are no neural crest cells in the ascidian embryo. It is unknown whether or not the ascidian spinal cord has dorsal and ventral compartmentalization.
However, if so, HrBMPu may be associated with dorsal-ventral axis establishment of the nervous system. In Xenopus, BMP signals may determine the boundary between neural and non-neural embryonic regions by acting as a neural inhibitor (Sasai et al., 1995; Wilson and Hemmati-Brivanlou, 1995) . It is also possible that the expression of HrBMPu in the dorsal epidermal ectoderm defines the neural and non-neural boundary. The palps or adhesive organ of the ascidian larva is the most anterior structure of the larva. HrBMPu expression in the adhesive organ is reminiscent of Xenopus BMP-7 expression in the cement gland (Hawley et al., 1995) . The Drosophila 60A transcripts are also first detected in embryonic cells of ectoderm and mesoderm at the onset of gastrulation (Doctor et al., 1992) . At later stages, however, the 60A gene is expressed in the developing gut.
The HrBMPu expression in epidermal cells of the ventral midline of the embryo is unique in the ascidian, corresponding spatial expression not being observed in vertebrates. In this region of the ascidian larval tail, a thick and strong fin is formed at the dorsal and ventral midline. So far, there are no reports describing features of the epidermal cells of this region. We questioned whether or not these regions have special functions. A recent reexamination of the spatial expression of eight epidermisspecific genes revealed that the embryo was devoid of their expression in the midline (Ishida et al., unpublished data) . Therefore, the region without the epidermisspecific gene transcripts circles the midline of the early tailbud embryo. The spatial expression of HrBMPu seems to compensate for this expression of epidermis-specific genes.
To study the function of HrBMPu, we synthesized HrBMPu mRNAs and injected the mRNA into fertilized eggs. We did not find any significant effects. However, this does not necessarily deny that HrBMPu has significant functions during ascidian embryogenesis.
Analogous to vertebrates, HrBMPa may function by forming a dimer with a BMP4 homologue.
Xenopus BMP-7 functions synergistically with BMP-4, a member of the DPP subclass (Suzuki and Ueno, unpublished data) . An ascidian homologue of the DPP subclass TGF-p has not yet been characterized. The Drosophila screw gene is a member of the 60A subclass. Screw is thought to function cooperatively with DPP by forming a heterodimer (Arora et al., 1994) . Therefore, injecting HrBMPu mRNA alone may not significantly affect embryogenesis, although there could be other reasons that the injection experiment did not work. The general view of ascidian HrBMP gene expression suggests that it resembles that of vertebrate BMP-7. HrBMPu expression differs from that of vertebrate BMP-5, BMP-6 and BMP-8 expressed at later stages of embryogenesis (Lyons et al., 1995) . The molecular phylogenetic tree (Fig. 3) suggested that in the chordate 6OA subclass HrBMPu diverged before the duplication of vertebrate BMPs-5-8. Therefore, we speculate that vertebrate BMP-7 contains the primary function of BMPs-5-8.
Experimental procedures
Animals and embryos
H. roretzi was purchased during the spawning season from fishermen near the Otsuchi Marine Research Center, Ocean Research Institute, University of Tokyo, Iwate, Japan. H. roretzi is hermaphroditic and self-sterile. Naturally spawned eggs were fertilized with a suspension of non-self sperm. When fertilized eggs were cultured at about 12"C, they developed into gastrulae and early tailbud embryos about 12 and 24 h after fertilization, respectively. Tadpole larvae hatched after about 40 h of development.
Eggs and embryos at appropriate stages were packed by low-speed centrifugation and frozen with chilled ethanol for Northern blotting or fixed for in situ hybridization.
PCR amplification of BMP-relutedfrugments
As shown in Fig. 2 , amino acid sequences of the C-terminus of TGF-#? superfamily members are highly conserved. We synthesized the sense-strand oligonucleotide dBMPlF (5'-TGG(AG)A(AT)GA(CT)TGGAT(AT) (AG)T(AT) and the antisense oligonucleotide dBMP2R
(5'-GT(CT)TG(GT)A(CT)(AG)AT(AGT)GC (AG)TG(GT) by means of an automated DNA synthesizer (Applied Biosystems, Inc.). Using these as primers, we amplified by PCR, target fragments from the gonad cDNAs and a cDNA library of B4.1 blastomeres of g-cell embryos constructed with the L-Zap11 cloning vector (Stratagene).
The reaction mixture contained 1 pg of cDNA or 1 X lo6 pfu of cDNA library, 10 mM Tris-HCl (pH 9.0) 50 mM KCl, 1.5 mM MgCl,, 0.1% Triton X-100, 0.2 mM each of dATP, dCTP, dGTP, and d'lTP, 1 PM of each primer and 1 U of Taq DNA polymerase (TOYOBO) in a total volume of 50~1. Amplification was performed for 40 cycles of 94'C (1 min), 45'C (1 min) and 72°C (1.5 min). PCR products were purified by gel electrophoresis and cloned into pBluescript II SK(+) (Stratagene). The cDNA clone was sequenced on both strands by dideoxy chain-termination method (Sanger et al., 1977) with Sequenase version 2.0 (USB) using 13%JdATP (Amersham).
Isolation of cDNA clones for an ascidian homologue of vertebrate BMPs and nucleotide sequencing
Probing with a cDNA fragment labeled with [32P]-dCTP, we screened cDNA libraries of gastrulae and tailbud embryos. Several candidate cDNA clones were obtained. The longest was subcloned by inserting it into the plasmid vector pBluescript SK(-). The clone was used as a template for sequencing and in situ hybridization. The cDNA clone was sequenced on both strands by means of dideoxy chain-termination (Sanger et al., 1977) with Sequenase version 2.0 (USB) using [35S]ATP (Amersham) or by an automated DNA sequencer (ABI PRISM, Perkin Elmer).
Sequence comparisons and molecular phylogenetic analysis
Amino acid sequences of the TGF-superfamily gene products were aligned and gaps were introduced for maximal similarity. Ninety-nine confidently aligned sites of the C-terminus were analyzed. Molecular phylogenetic relationships of the TGF-superfamily gene products were estimated by means of neighbor-joining (Saitou and Nei, 1987) using the PHYLIP version 3.5~ package (Felsenstein, 1993) . The distance matrix was constructed according to the Dayhoff model (Dayhoff et al., 1978) . Confidence in the phylogeny was assessed by bootstrap resampling the data (Felsenstein, 1985) .
Isolation of RNA and Northern blotting
Total RNA was extracted using acid guanidiniumthiocyanate-phenol-chloroform (AGPC) (Chomczynski and Sacchi, 1987) . Poly(A)+ RNA was purified using Oligotex-dT30 beads (Roche Japan, Tokyo). Northern blot hybridization was performed by standard procedures (Sambrook et al., 1989) with 32P-labeled DNA probe, and membranes were washed under high stringency conditions. For reverse transcription (RT)-PCR, the first strand of the cDNA was synthesized with MMLV reverse transcriptase (GIBCO BRL) and oligo(dT) following the supplied instructions.
In situ hybridization
Whole-mount specimens were hybridized in situ at 42'C using digoxigenin-labeled antisense probes, essentially as described by Wada et al. (1995) except that our hybridization buffer contained 50% formamide, 6 X SSC, 5 x Denhardt's solution, 0.1 mg/ml yeast RNA, and 1% SDS. Probes were synthesized following the instructions supplied with the kit (DIG RNA Labeling Kit; Boehringer Mannheim), and used at a concentration of I pg/ml in the hybridization buffer. Hybridization was visualized using alkaline phosphatase. Some embryos were dehydrated in a graded series of ethanol and rendered transparent with a 1:2 mixture (v/v) of benzyl alcohol and benzyl benzoate. Some embryos were embedded in polyester wax and sectioned at 8 (um to confirm the localization of hybridization signals in the embryo.
